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î& î'î$î%
î&î' î$î%  î$î& î$î'î%î&î%î' 
î&î' 
)LJ3LQRQGLVFDSSDUDWXV
$UWLILFLDO1HXUDO1HWZRUNV$11PRGHOOLQJPHWKRGRORJ\
$UWLILFLDO1HXUDO1HWZRUNV DUH FRPSXWLQJ V\VWHPV WKDW VLPXODWH WKHELRORJLFDO QHXUDO V\VWHPVRI KXPDQEUDLQ
7KH\ DUH EDVHGRQ D VLPSOLILHGPRGHOLQJRI WKHEUDLQ¶V ELRORJLFDO IXQFWLRQV H[KLELWLQJ WKH DELOLW\ WR OHDUQ WKLQN
UHPHPEHUUHDVRQDQGVROYHSUREOHPV>@
,Q WKH SUHVHQW LQYHVWLJDWLRQ WKH $11 PRGHO ZDV GHYHORSHG XVLQJ 0$7/$% 5D VRIWZDUH 7KH LQSXW
SDUDPHWHUVDUHVROXWLRQLVLQJWLPH$VROXWLRQLVLQJWHPSHUDWXUH%DJLQJWLPH&DQGDJLQJWHPSHUDWXUH'7KH
RXWSXWSDUDPHWHULVWKHYROXPHORVVRIKHDWWUHDWHGFRPSRVLWH7KH$11VPRGHOLVGHYHORSHGWUDLQHGDQGWHVWHGE\
XVLQJDWRWDORIGDWDVHWV7R WHVWWKHDFFXUDF\RIWKHPRGHOVRIWKHGDWDVHWVZHUHUDQGRPO\VHOHFWHGDVWHVW
VHWVZKLOHWKHUHPDLQLQJVDPSOHVZHUHXVHGWRWUDLQWKHQHWZRUN7KHDUFKLWHFWXUHRIDQHXUDOQHWZRUN FRQVLVWVRI
DGHVFULSWLRQRIWKHQXPEHURIOD\HUVWKHQXPEHURI QHXURQVLQHDFKOD\HUDQGKRZWKHOD\HUVFRQQHFWWRHDFKRWKHU
7KHQHXURQDUFKLWHFWXUHZDVGHWHUPLQHGLQWKLVZRUNXVLQJDWULDODQGHUURUDSSURDFK$IWHUDQXPEHURIWULDOVWKH
EHVWQHWZRUNDUFKLWHFWXUHDQGSDUDPHWHUV WKDWPLQLPL]H WKHQRUPDOL]HGURRWPHDQVTXDUHGHUURU 16(RI WUDLQLQJ
GDWDZHUHREWDLQHGDVIROORZV
1XPEHURIQHXURQVLQWKHLQSXWOD\HU 
1XPEHURIQHXURQVLQWKHKLGGHQOD\HU 
1XPEHURIKLGGHQOD\HUV 
0LQLPXPQXPEHURIOHDUQLQJF\FOHV 
7KH LQSXW DQG RXWSXW RI D QHXUDO QHWZRUN LV LQ WKH UDQJH RI ]HUR WR RQH WR QRUPDOL]H WKHLU YDOXHV WR VXLW WKH
QHWZRUN¶V IXQFWLRQLQJ >@ 7KH QRUPDOL]DWLRQ WHFKQLTXH XVHG LQ WKH SURSRVHG $11 LV JLYHQ LQ WKH IROORZLQJ
IRUPXOD(T
XH0LQLPXPYDOXH0D[LPXPYDO
XH0LQLPXPYDO,QSXWYDOXHYDOXH1RUPDOL]HG

 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7KH OHDUQLQJ DOJRULWKP XVHG LQ WKH VWXG\ ZDV JUDGLHQW GHVFHQW ZLWK DGDSWLYH OHDUQLQJ UDWH EDFNSURSDJDWLRQ
6LJPRLG IXQFWLRQ LV WKH PRVW FRPPRQ DFWLYDWLRQ IXQFWLRQ LQ $11 EHFDXVH LW FRPELQHV QHDUO\ OLQHDU EHKDYLRXU
FXUYLOLQHDUEHKDYLRXUDQGQHDUO\ FRQVWDQWEHKDYLRXUGHSHQGLQJRQWKHYDOXHRIWKHLQSXW7KHVLJPRLGIXQFWLRQ(T
 LV VRPHWLPHV FDOOHG D VTXDVKLQJ IXQFWLRQ VLQFH LW WDNHV DQ\ UHDOYDOXHG LQSXW DQG UHWXUQV DQ RXWSXW ERXQGHG
EHWZHHQ>@
[H
[I\ 
  

 
7KHEDFNSURSDJDWLRQOHDUQLQJLVDQLWHUDWHGVHDUFKSURFHVVZKLFKDGMXVWVWKHZHLJKWVIURPRXWSXWOD\HUEDFNWR
LQSXWOD\HULQHDFKUXQXQWLOQRIXUWKHULPSURYHPHQWLQQRUPDOL]HGURRWPHDQVTXDUHGHUURU16(YDOXHLVIRXQG
7KHHUURULQFXUUHGGXULQJWKHOHDUQLQJSURFHVVZDVH[SUHVVHGLQWHUPVRI16((T XVHGWRHYDOXDWHWKHWUDLQLQJ
SHUIRUPDQFHRI$11>@
¦
¦  




T
TT
16( 
:KHQUHDFKLQJWKHHUURUJRDOWKHOHDUQLQJSURFHVVLVVWRSSHGDQGWKHQHWZRUNLVHYDOXDWHGZLWKWKHWHVWLQJGDWD
5HVXOWVDQGGLVFXVVLRQ
0LFURVWUXFWXUH$QDO\VLV
7KHPLFURVWUXFWXUHRIWKHZHDUVXUIDFHVRIKHDWWUHDWHG FRPSRVLWHVSHFLPHQVLVREVHUYHGE\-(2/6FDQQLQJ
(OHFWURQ0LFURVFRSH6(07KH6(0LPDJHRIWKHFRQWDFWVXUIDFHVDIWHUVOLGLQJRYHUDGLVWDQFHRI PDWDQ
DSSOLHGORDGRI 1DQGDVOLGLQJYHORFLW\RIPVIRUGLIIHUHQWYDOXHVRIKHDWWUHDWPHQW SDUDPHWHUVLVVKRZQLQ)LJ
 DG 7KH 6(0 H[DPLQDWLRQ RI WKH ZHDU VXUIDFHV VKRZV DUHDV IURP ZKHUH PDWHULDO KDV EHHQ UHPRYHG 7KH
PLFURVWUXFWXUH VKRZHG LQ )LJ  D	E UHYHDOV WKDW JURRYHV ZHUH IRUPHG RQ WKH ZHDU VXUIDFH RI WKH SLQ LQ WKH
GLUHFWLRQRIVOLGLQJLQGLFDWLQJDEUDVLRQZHDU7KLVFDQEHGXHWRWKHKDUGSDUWLFOHVEHWZHHQWKHSLQDQGWKHFRXQWHU
IDFHDFWDVDQDEUDVLYHPHGLXPDQGSORXJKWKHVXUIDFHRIWKHSLQFDXVLQJZHDUE\WKHUHPRYDORIVPDOOIUDJPHQWVRI
SLQPDWHULDO >@7KHVLPLODUREVHUYDWLRQZDVQRWLFHGE\PDQ\UHVHDUFKHUVGXULQJWKHLQYHVWLJDWLRQRIGU\VOLGLQJ
ZHDURIKHDWWUHDWHGFRPSRVLWHV>@)LJ  F	GVKRZVGHODPLQDWLRQLQWKHZHDUVXUIDFHVRISLQ,WLQYROYHV
VXEVXUIDFHGHIRUPDWLRQFUDFNQXFOHDWLRQDQGFUDFNSURSDJDWLRQ7KHODUJHSODVWLFVWUDLQLQWKHGHIRUPHGOD\HUVJLYHV
ULVH WR YRLG QXFOHDWLRQ DQG VXEVXUIDFH FUDFN LQLWLDWLRQ DQG SURSDJDWLRQ 7KH VXEVXUIDFH FUDFNV PD\ LQLWLDWH DQG
SURSDJDWH DORQJ PDWUL[ UHLQIRUFHPHQW LQWHUIDFH DQG FDXVH GHFRKHVLRQ RI PDWUL[ UHLQIRUFHPHQW LQWHUIDFH :LWK
UHPRYDORIVXUIDFHPDWHULDOWKHFUDFNEHFRPHVQHDUHUWRWKHVXUIDFHDQGWKHVKHDUVWUDLQLVLQFUHDVHGWKLVFDXVHVWKH
UHPRYDO RI WKH VXUIDFH OD\HUV E\ GHODPLQDWLRQ 'HODPLQDWLRQ LV REVHUYHG WR EH PRUH VHYHUH XQGHU ORZHU DJLQJ
GXUDWLRQ )LJ  G
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)LJ  DG6(0H[DPLQDWLRQRIWKHZHDUVXUIDFHVRIKHDWWUHDWHGFRPSRVLWHV
:HDUUHVXOWV
7KH YROXPH ORVVHV FDOFXODWHG IURP WKH PDWKHPDWLFDO PRGHO JLYHQ LQ (T IRU HDFK VHW RI FRGHG IDFWRUV DUH
UHSUHVHQWHGLQJUDSKLFDO IRUPLQ)LJ 
)LJ D VKRZVWKHHIIHFWRIVROXWLRQL]LQJWLPH$DQGVROXWLRQL]LQJWHPSHUDWXUH%RQYROXPHORVV,WLVREVHUYHG
WKDWWKHYROXPHORVVRIFRPSRVLWHGHFUHDVHVZLWKLQFUHDVHLQWKHYDOXHRIVROXWLRQL]LQJWLPHXSWRKZKHQWKH
VROXWLRQL]LQJWHPSHUDWXUHZDVIURPWR &:KHQWKHVROXWLRQL]LQJWLPHLQFUHDVHVIURPKWRKWKHYROXPH
ORVVLQFUHDVHV7KLVKDVFRQILUPHGZLWKWKHHDUOLHUILQGLQJV>@7KH\UHSRUWHGWKDWWKHZHDUUDWHRIFRPSRVLWHV
GHFUHDVHVZLWKLQFUHDVLQJWKHVROXWLRQL]LQJWHPSHUDWXUHIRUORZHUYDOXHRIVROXWLRQL]LQJWLPH
)LJ D(IIHFWRIVROXWLRQL]LQJWLPH$DQGVROXWLRQL]LQJWHPSHUDWXUH%RQYROXPHORVVE(IIHFWRI
VROXWLRQL]LQJWLPH$DQGDJLQJWLPH&RQYROXPHORVV
7KHLQIOXHQFHRIVROXWLRQL]LQJWLPH$DQGDJLQJWLPH&RQYROXPHORVVLVVKRZQLQ)LJ  E ,WLVFOHDUWKDW
WKHYROXPHORVVGHFUHDVHVZLWKLQFUHDVHLQWKHYDOXHRIVROXWLRQL]LQJWLPHXS WRKZKHQWKHDJLQJWLPHZDVYDULHG
IURP  WR K $ VLPLODU REVHUYDWLRQ ZDV REVHUYHG E\ WKH UHVHDUFKHU >@ ZKR KDV VWDWHG WKDW WKH ZHDU UDWH RI
DOXPLQLXPFRPSRVLWHGHFUHDVHVZLWKLQFUHDVLQJWKHYDOXHRIDJLQJWLPHXS WRK
)LJ  D KLJKOLJKWVWKHHIIHFWRIVROXWLRQL]LQJWLPH$DQGDJLQJWHPSHUDWXUH'RQYROXPHORVVRIFRPSRVLWH
,WLVFOHDUWKDWWKHYROXPHORVVGHFUHDVHVZLWKLQFUHDVLQJDJLQJWHPSHUDWXUHZKHQWKHVROXWLRQL]LQJWLPHLVIURPWR
K,WFDQEHQRWHGWKDWWKHYROXPHORVVLQFUHDVHVZLWKLQFUHDVHLQWKHYDOXHRIVROXWLRQL]LQJWLPHIURPWRK
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)LJ D(IIHFW RIVROXWLRQL]LQJWLPH$DQGDJLQJWHPSHUDWXUH'RQYROXPHORVVE(IIHFWRIVROXWLRQL]LQJ
WHPSHUDWXUH%DQGDJLQJWLPH&RQYROXPHORVV
)LJ  E GHSLFWVWKHHIIHFWRIVROXWLRQL]LQJ WHPSHUDWXUH%DQGDJLQJ WLPH&RQYROXPHORVVRIKHDWWUHDWHG
FRPSRVLWHV ,W FDQ EH REVHUYHG WKDWZKHQ WKH VROXWLRQL]LQJ WHPSHUDWXUHZDV YDULHG IURP WR  & DQG WKH
DJLQJWLPHYDULHGIURPWRKWKHYROXPHORVVGHFUHDVHVLQWKHUDQJHEHWZHHQDQGî P7KLVREVHUYDWLRQ
ZDV LQ DJUHHPHQW ZLWK WKH SUHYLRXV UHVHDUFKHU 7KH\ UHSRUWHG WKDW ZHDU ORVV RI WKH FRPSRVLWH GHFUHDVHV ZLWK
LQFUHDVLQJWKHDJLQJGXUDWLRQEH\RQGK>@
7KHLQWHUDFWLRQHIIHFWRIVROXWLRQL]LQJWHPSHUDWXUH%DQGDJLQJWHPSHUDWXUH'RQYROXPHORVVLVVKRZQLQ)LJ
 ,W FDQ EH QRWHG WKDW WKH YROXPH ORVV GHFUHDVHV WKH YDOXH EHWZHHQ  DQG î P ZKHQ WKH VROXWLRQL]LQJ
WHPSHUDWXUHZDVYDULHGIURPWR &DQGDJLQJWHPSHUDWXUHIURPWR &
)LJ  (IIHFWRIVROXWLRQL]LQJWHPSHUDWXUH%DQGDJLQJWHPSHUDWXUH' RQYROXPHORVV
$11UHVXOWVWRSUHGLFWYROXPHORVV
7KHSHUIRUPDQFHRIWKH$11PRGHOIRUSUHGLFWLQJWKHYROXPHORVVRIWUDLQLQJDQGWHVWLQJVHWVLVLOOXVWUDWHGLQ)LJ
DQGUHVSHFWLYHO\,WLVFOHDUO\VHHQIURP)LJ  D	E WKDWWKHH[SHULPHQWDODQGSUHGLFWHGYDOXHVGHYHORSHG
IURP$11QHWZRUNVIRUWKHZHDUUDWHDUHYHU\FORVHWRHDFKRWKHU)LJ  D	E LOOXVWUDWHVWKDWWKH$11VPRGHOLV
FDSDEOHRIJHQHUDOL]LQJEHWZHHQLQSXWVDQGWKHRXWSXWYDULDEOHZLWKKLJKDFFXUDF\SUHGLFWLRQV3HUFHQWDJH DEVROXWH
HUURUVZHUHXVHGWRHYDOXDWHWKHSHUIRUPDQFHRIWKHSURSRVHG$11LQSUHGLFWLRQWHFKQLTXH 7KHSUHGLFWLRQFDQEH
VHHQDV IDLUO\FORVH WR WKHFRUUHVSRQGLQJDFWXDOYDOXHVRI YROXPH ORVV)RU WUDLQHGGDWD LW FDQEHREVHUYHG WKDWD
PD[LPXPDEVROXWH HUURURIDQGDPLQLPXPDEVROXWHHUURURI ZHUHREWDLQHGIRUYROXPHORVVSUHGLFWLRQ
$OVRIRUWHVWHGGDWDLWFDQEHREVHUYHGWKDWDPD[LPXPDEVROXWHHUURURIDQGDPLQLPXPDEVROXWHHUURURI 
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ZHUH REWDLQHG IRU YROXPH ORVV SUHGLFWLRQ +RZHYHU WKHVH OHYHOV RI HUURU DUH VDWLVIDFWRU\ DQG VPDOOHU WKDQ
HUURUVWKDWQRUPDOO\DULVHGXHWRH[SHULPHQWDOYDULDWLRQDQGLQVWUXPHQWDWLRQDFFXUDF\7KHUHVXOWVDOVRLQGLFDWHGWKDW
WKH SURSRVHG$11VPRGHO LV VXFFHVVIXO LQ OHDUQLQJ WKH UHODWLRQVKLS EHWZHHQ WKH GLIIHUHQW LQSXWV DQG WKH RXWSXW
SDUDPHWHU7KH$11PRGHO GHYHORSHG LQ WKHSUHVHQWZRUN FDQEHYHU\ XVHIXO WRSUHGLFW WKHYROXPH ORVVRI KHDW
WUHDWHGFRPSRVLWHVLQZHDUWHVWLQJ
)LJ D	E 3HUIRUPDQFHRIWUDLQLQJVHWRIYROXPHORVV SUHGLFWLRQZLWK$11¶VPRGHO
)LJ D	E &RPSDULVRQRISUHGLFWHGDQGDFWXDOYDOXHVRIYROXPHORVVRIWUDLQLQJGDWD
&RQFOXVLRQV
7KHIROORZLQJFRQFOXVLRQVZHUHREWDLQHGIURPWKLVH[SHULPHQWDOLQYHVWLJDWLRQ
x $OPHWDOPDWUL[FRPSRVLWHV UHLQIRUFHGZLWK6L&SDUWLFOHVDQGJUDSKLWHSDUWLFOHLVIDEULFDWHG
E\VWLUFDVWLQJSURFHVVDQGWKHHIIHFWRIKHDWWUHDWPHQWSDUDPHWHUVRQWKHYROXPHORVVKDVEHHQLQYHVWLJDWHG
x 0LFURVWUXFWXUHVWXGLHVRIWKHZHDUVXUIDFHVRIKHDWWUHDWHGFRPSRVLWHVFOHDUO\VKRZHGWKDWWKHSUHGRPLQDQW
ZHDUPHFKDQLVPVDUHDEUDVLRQDQGGHOLPLWDWLRQ
x $UWLILFLDO1HXUDO1HWZRUNPRGHO WRSUHGLFW WKHYROXPH ORVVZDVGHYHORSHG7KH$11JLYHV VDWLVIDFWRU\
UHVXOWVZKHQFRPSDUHGWRWKHH[SHULPHQWDOUHDGLQJV,WDOVRLQGLFDWHGWKDW WKHPRGHOVDUHUHOLDEOHDFFXUDWH
DQG LOOXVWUDWH KRZ$11VFDQEHXVHG WR HIILFLHQWO\SUHGLFW WKH YROXPH ORVV DFURVV DZLGH UDQJHRI KHDW
WUHDWPHQWSDUDPHWHUV
x &RQVLGHUDEOHVDYLQJVLQWHUPVRIFRVWDQGWLPHFRXOGEHREWDLQHGIURPXVLQJ$11PRGHOV$11DSSURDFK
LVDVXFFHVVIXODQDO\WLFDOWRROWKDWFDQEHXVHGWRSUHGLFWWKHYROXPHORVVRIQHZPDWHULDOVDQGFRPSRVLWHV
x +HQFH LW FDQEH VDLG WKDW$11FDQEHXVHGHIILFLHQWO\DVSUHGLFWLRQ WHFKQLTXH LQ WKH DUHDRI FRPSRVLWH
PDWHULDOFKDUDFWHUL]DWLRQDQGWULERORJ\
5HIHUHQFHV
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6KDUPD6&³7KHVOLGLQJZHDUEHKDYLRXURI$OJDUQHWSDUWLFXODWHFRPSRVLWHV´:HDU
0LUDFOH'%³0HWDOPDWUL[FRPSRVLWHV)URPVFLHQFHWRWHFKQRORJLFDOVLJQLILFDQFH´&RPSRVLWHV6FLHQFHDQG7HFKQRORJ\
5RVVR0³&HUDPLFDQGPHWDOPDWUL[FRPSRVLWHV5RXWHVDQGSURSHUWLHV´-RXUQDORI0DWHULDOV3URFHVVLQJ7HFKQRORJ\ 
/LQ&%&KDQJ5-DQG:HQJ:3³$VWXG\RQSURFHVVDQGWULERORJLFDOEHKDYLRXURI$ODOOR\*U3 FRPSRVLWH´:HDU

0XVWDID7DVNLQ8JXU&DOLJXOXDQG$OLND\DJXU´0RGHOLQJDGKHVLYHZHDU UHVLVWDQFHRI$O6L0J6L&S 30FRPSDFWV IDEULFDWHGE\KRW
SUHVVLQJSURFHVVE\PHDQVRI$11´,QW-$GY0DQXI7HFKQROGRL6
$EGXOODK.XUW³0RGHOOLQJRIWKHFXWWLQJWRROVWUHVVHVLQPDFKLQLQJRI,Q&RQHOXVLQJDUWLILFLDOQHXUDOQHWZRUNV([SHUWV\VWHPVZLWK
$SSOLFDWLRQV´$UWLFOHLQSUHVVGRL
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